Considerable literature is now available on the deposition of CVD diamond onto flat substrates the most common being silicon. However, very little work has been reported on the deposition of diamond onto complex three-dimensional substrates such as dental burs, micro drills and biomedical implants. Diamond is hard, wear resistant, biocompatible and corrosion resistant and therefore is an attractive candidate for uses in dental tools and for medical devices. This study focuses on the deposition of diamond, using a hot filament CVD system, on cobalt-cemented tungsten carbide (WC-Co) rotary cutting dental burs. Conventional dental burs are generally made of sintered polycrystalline diamond (PCD). These have a number of problems associated with heterogeneity of the crystallite, decreased cutting efficiency and a short life. A preferential (1 1 1) faceted diamond has been obtained after 12 h deposition at a growth rate of 1.2 lm/h. Diamond coated WC-Co dental burs and conventional sintered burs are used in turning, milling and drilling operations for machining materials made from metal alloys and borosilicate glass. After machining with excessive cutting performance, calculations can be made on flank and crater wear areas. Diamond coated WC-Co dental bur offer significantly lower erosion and higher wear resistance compared to uncoated WC-Co tools and sintered burs. #
Introduction
Diamond films are of significant interest for tribological applications because of their high hardness, chemical inertness, low friction coefficient and high wear resistance [1] . Diamond coatings are used in cutting tools and biomedical applications. Conventional diamond dental burs are manufactured by imbedding diamond particles into a metal matrix using a suitable binder material, which contains nickel ions. These burs have several limitations mainly due to the heterogeneity of diamond crystallites, contamination of oral tissue and poor adhesive strength that lead to variation in the product performance. There is no universal specification for the diamond particle sizes imbedded into the binder matrix in order to ensure repeatable and consistent cutting performance. Recently, CVD has been used for the fabrication of new dental burs [2] with continuous diamond film deposited on abrading surfaces of the tool offering improvements in cutting efficiency and tool life. Much of the work in the CVD of diamond has been carried out using flat substrates. Although, cutting tools such as inserts have been successfully coated with diamond-based coatings; there are only a few reports of diamond deposition onto rotary cutting tools, such as cylindrical abrasive pencils and small spiral drills [3] . In this study, we report the deposition of uniform diamond films onto the cutting edges of cobalt-cemented tungsten carbide (WC-Co) dental burs used in the dental laboratory and clinical surgery using a modified hot-filament chemical vapour deposition (HFCVD) system. The filament is mounted in a vertical arrangement with the dental bur held concentrically in between the filament coils, as opposed to the horizontal configuration commonly used in HFCVD systems. This new vertical filament arrangement used in the modified HFCVD system enhances the thermal distribution, ensures uniform diamond coating and improves film adhesion [4] .
In this paper, we report the results of our investigation on diamond films deposited on WC-Co dental burs and micro tools using a HFCVD system and subsequent machining results on extracted human teeth, cobalt-chromium hard metal alloys, borosilicate glass and acrylic teeth. The Co cemented dental burs operate at extremely high cutting speeds in the range from 3000 to 300,000 rpm [5] . Such high operating speeds impose stringent demands on the cutting surfaces and the coating deposited. Therefore, the diamond coating deposited must be tough, adherent, hard and wear resistant in order to enhance overall performance and life of the tools.
Experimental

Diamond deposition
The substrates used were WC-Co dental burs containing 6% cobalt as a binder. The cutting region of the tool was 1 mm in diameter and 10 mm in length. Prior to diamond deposition, the dental burs were ultrasonically cleaned in acetone for 10 min in order to remove any surface impurities. It has been suggested that poor adhesion of deposited diamond films onto cemented tungsten carbide surfaces can lead to catastrophic film failure in metal cutting due to the presence of Co binder [6] . The Co binder suppresses the diamond nucleation and causes deterioration in the adhesive property between diamond film and the tool surfaces [7] . In order to improve adhesion it is necessary to pre-treat the WC-Co dental bur cutting and abrading surfaces prior to CVD diamond deposition. Murakami (10 g ½K 3 FeðCNÞ 6 þ 10 g KOH þ 100 ml water) solution was used to etch the WC-Co surfaces for 20 min and the surface Co was removed by etching with acid solution of hydrogen peroxide (3 ml (96% weight) H 2 SO 4 þ 88 ml (30% weight/volume) H 2 O 2 ) for 10 s then followed by ultrasonic cleaning in distilled water [8] .
The HFCVD system was built with a water-cooled stainless steel chamber described previously [9] . The gas mixture consisted of 1% methane in excess hydrogen; the hydrogen flow rate used was 200 sccm whilst methane flow rate was 2 sccm. The diamond films were deposited for 12 h at a chamber pressure of 26.6 mbar (20 Torr). The filament temperature was measured using an optical pyrometer at values between 1800 and 2100 v C. Substrate temperature was measured to be between 800 and 950 v C using a K-type thermocouple in direct thermal contact with the dental bur. The system allowed independent DC bias to be applied between the substrate and the filament. Tantalum wire, 0.5 mm in diameter, 12 cm in length (uncoiled) was used as the hot filament. The filament is mounted vertically with the dental bur held in between the filament coils as opposed to the horizontal position in the conventional HFCVD systems. The new vertical filament arrangement used in modified HFCVD systems improves the thermal distribution around the rotary tools.
The dental burs were vertically mounted on the diamond coated molybdenum substrate holder and positioned centrally and coaxially within 5 mm distance of the coiled filament [9] . Before deposition of CVD diamond the filament was pre-carburised for 30 min in 3% methane with excess hydrogen to enhance the formation of TaC layer on the filament surface in order to reduce tantalum evaporation during diamond deposition [10] .
Diamond film characterisation
The structure and surface morphology of the diamond films were analysed using scanning electron microscopy (Jeol JSM-5600LU) and micro Raman spectroscopy performed in back-scattering geometry at room temperature by using a Dilor XY triple spectrometer equipped with a liquid nitrogen cooled charge coupled device detector and an adapted Olympus microscope.
Diamond film erosion tests were carried out in a high velocity air-sand erosion facility capable of attaining impact velocities of up to 360 m s À1 . In the sandblasting rig, sand was injected into an air stream and accelerated down a 10 mm diameter stainless steel tube, 0.8 m in length, into the erosion chamber where it strikes the diamond deposited substrate. The sand used was a blend of dental laboratory grade. The average diameter of sand particles was 250 lm. Sand feed rate of 5.9 kg m À2 s À1 was employed for the test. The nozzle to stand off distance was 40 mm and test on the substrate area averaged 10 mm in diameter. All tests were conducted using air-sand jet impact angle of 90 v as the erosion of brittle materials is at normal impingement. The diamond coated bur was rotated 120 v at a time for three intervals [11] .
Dental bur machining: drilling and turning tests
The machining unit was specifically designed with a water-cooling system so that maximum spindle speed of 250,000 rpm, feed rates of between 5 and 20 lm per revolution and cutting speeds in the range 100-200 m/min for cutting human teeth with a clinical bur. Separate set up for the laboratory bur was used to operate at 3000-30,000 rpm with a feed rate of 0.2-0.5 mm/rev without the use of the cooling device.
Flank wear of the burs was estimated by SEM analysis at a pre-selected time interval of 1 min. Prior to SEM analysis, diamond coated burs were ultrasonically washed with 6M H 2 SO 4 solutions to remove any unwanted machining material, which eroded onto the surface of the CVD diamond coated bur. For comparison, conventional sintered burs with different geometries were also tested on the same substrate materials.
Results and discussions
Prior to deposition, Murkami's reagent roughened the pre-treated WC-Co surface. EDS spectra confirmed the removal of the Co binder from the surface. Surface morphology of predominately (1 1 1) faceted octahedral shape diamond films was obtained after deposition for 12 h. Fig. 1(a) shows a topical view of a dental bur with uniform diamond growth on the cutting edge and a cross section of 14 lm thick diamond is shown in Fig. 1(b) .
Raman analysis was performed in order to evaluate the quality and stress imparted in CVD diamond films. The Raman spectrum shows that at the tip, centre and end of cutting tool a single sharp peak at 1336, 1337 and 1337 cm À1 , respectively was observed for different positions (Fig. 2) . This shows that the film quality was comparable in all three positions. The result of Raman analysis on WC-Co substrates at several different locations on the tool has shown indications of compressive stress in the coating [12] .
The effectiveness of using HFCVD coated dental burs was measured by comparing uncoated burs, and sintered diamond burs when drilling and machining extracted human teeth, acrylic teeth, and borosilicate glass.
A sequence of 50 drillings was employed in each drilling experiment. The sharpness and initial condition of the burs were inspected by an optical method after the burs had drilled 10 holes in sequence. An abrading coefficient of drilling, C a , has been defined as a quality criterion for small drilling tools. It is defined as the ratio between the bur's total abraded area, S, and the effective coated area of the bur used during the drilling process. The effective coated area is given by the difference of the nominal coated bur area, D b , and the area of the bur consumed during drilling, W b . This can be written as: A high quality coated dental bur is one that produces accurate drilling that has an area S close to D b and does not lose its coating during the machining process, i.e. W b % 0. The cutting will therefore have an abrading coefficient close to unity. One must remember that the quality of machining is dependent on the cutting speed, V c , defined by the ratio of the drilling depth to the drilling duration. A comparative factor of merit for the dental bur is defined as:
Where F is directly related to the lifetime of the dental bur for a specific drilling process.
Results of erosion tests on diamond coated dental bur were compared with the untested diamond coated bur ( Fig. 3(a) and (b) ). When coating failure occurred, the only surface features observed were minor amounts of micro or sub-micro chipping of the crystal. Diamond has the greatest resistance to plastic deformation of any material and damage is always of a wholly elastic nature, with no traces of plastic deformation [13] . Fig. 4 shows a SEM micrograph of a CVD diamond coated laboratory dental bur at the cutting edge. The film is homogeneous with uniform diamond crystal sizes; typically the crystal sizes are in the range of 6-8 lm. As expected the surface morphology is rough making the dental burs extremely desirable for abrasive cutting applications. In contrast, Fig. 5(a) is a close up view from SEM micrograph of a conventional polycrystalline diamond (PCD) sintered bur. The diamond particles are imbedded onto surface with a suitable binder matrix material such as nickel. Typically the surface is inhomogeneous with the sizes of particles ranging from 50 to 200 lm causing considerable variation in the cutting performance of the tool. Fig. 5(b) shows the morphology of a sintered diamond bur after being tested on borosilicate glass at a cutting speed of 3600 rpm for 5 min with an interval of 30 s. It is clearly evident that there is significant removal of diamond particles from the surface of the tool after 50 holes. As expected there is the deterioration of the abrasive performance of the PCD sintered diamond dental burs. Borges et al. [2] also reported that significant loss of diamond particles occurs during cutting with the commercial sintered diamond bur. In addition, the metallic nickel binder shows major defects generated by particles pulled out of the binder matrix.
The deposited dental bur surface displayed a uniform CVD diamond film (Fig. 6). Figs. 7 and 8 show an SEM image of CVD diamond coated laboratory bur after machining tests on borosilicate glass and acrylic tooth, respectively, for 5 min at a cutting speed of 3600 rpm. It is clearly indicated that the diamond films are still intact on the pre-treated WC substrate and diamond coating displayed good adhesion. Also, there is no indication of diffusion wear after the initial test for 50 holes. However, the machining materials such as glass pieces are eroded onto the cutting edge of diamond coated dental bur as adhesive wear was observed (Fig. 7) . After testing on acrylic teeth the mechanism of wear probably involves adhesion as well as abrasion. Fig. 8 shows that inorganic fillers from acrylic teeth adhered to the cutting tool surface in localised areas when increased rate of abrasion was used [14] . Fig. 9(a) shows the SEM image of uncoated WC-Co dental bur before testing on the borosilicate glass. For machining test, a material workpiece (borosilicate glass) was prepared and aligned orthogonal to the dental cutting tool. Trench machining was the method used to generate wear on the tool at a cutting speed of 3600 rpm. After machining, Fig. 9(b) shows that the uncoated WC-Co bur has lost its cutting geometry on the bur head. Fig. 9 (c) and (d) displayed significant wear along the cutting edge of the uncoated WC-Co bur. The diamond coated laboratory dental bur machined the cobalt-chrome (Co/Cr/Mo alloy; hardest metal alloy used in dental technology) for over 8000 holes. After excessive cutting duty significant flank wear has been observed along the cutting edge of dental bur. Fig. 10 shows not only delamination of diamond film but also wear of the WC surface at the interface between the diamond and WC.
Natural human teeth were cut using a diamond coated clinical bur. The cuts were made in the central groove of the teeth. This permitted cutting three grooves in each tooth. Fig. 11 shows a SEM image of diamond coated clinical WC-Co dental bur after testing on extracted teeth. It is evident from the SEM shown that the tooth materials such as dentine clog up the bur surface reducing its abrasive performance. Figs. 12-14 show the results of drilling borosilicate glass, acrylic teeth and extracted human teeth with the three types of burs, respectively.
The areas of flank wear were investigated at the cutting edge of the dental bur. A series of machining experiments were conducted using uncoated, diamond coated dental burs, and sintered diamond burs when machining extracted human tooth, acrylic tooth, and borosilicate glass. The life of the burs in the machining sense was measured by comparing the amount of flank wear exhibited by each type of dental bur. The flank wear was measured at time intervals of 2, 3, 4, 5, 6, and 7 min machining duration. Figs. 15-17 show the flank wear measurements for each bur machining different dental materials. It is evident that a longer duty cycle of machining could cause higher rate of flank wear on the cutting edge of the tool. Therefore, the cutting edges of WC-Co dental bur should have significant thickness of CVD diamond, which will enhance not only quality of cutting but will also prolong the tool life [15] . 
Conclusions
The use of etching treatments on the surface of the substrate in order to remove the surface cobalt resulted in good adhesion between the diamond films and the substrate. Erosion tests show that adherent diamond films offer significantly erosion resistance. Therefore, deposition of diamond on metal surfaces offers a protective coating against wear. The PCD sintered diamond bur lose a significant proportion of imbedded diamond particles during the abrasive machining where CVD diamond coated diamond bur remained intact with potentially prolonged tool life. Thicker coating of CVD diamond at the cutting edges is expected to give tools a longer life and better quality of machining. The performance and lifetime of CVD coated dental bur is much superior to the sintered bur and uncoated WCCo bur. An excessive cutting treatment caused the delamination of diamond film as well as wear off of the WC surface. Further work is required to study the effects of diamond film adhesion related to quality of cutting and thickness at the cutting edge based on the performance of tools.
